Introduction {#S0001}
============

Prostate cancer (PCa) is one of the most common types of cancer in American men, accounting for nearly one-fifth of the newly diagnosed cancers in American men in 2019.[@CIT0001] The incidence of PCa in China is much lower, but the incidence and mortality is increasing with the population aging progress.[@CIT0002] Surgery, radiation, androgen deprivation and chemotherapy are currently the main treatments and achieve good results for early localized PCa.[@CIT0003] However, when the disease progresses to the lethal stage which is called metastatic castration-resistant prostate cancer (mCRPC), patients have a median survival of about two years regardless of multidisciplinary treatments. At present, the mechanisms of development and progression of PCa are still not completely clear; therefore, it is of great significance to explore a potential therapeutic target and the molecular mechanisms as to improve the treatment effect.

Methylcrotonoyl-CoA carboxylase 2 (MCCC2) is a subunit of 3-methylcrotonyl-CoA carboxylase (MCC).[@CIT0004] MCC deficiency can lead to the disorder of leucine metabolism, which can be manifested in a variety of phenotypes, including neurological disorders, infant death and asymptomatic adults.[@CIT0005]--[@CIT0008] A mouse study has shown that MCCC2 is associated with obesity, insulin resistance and dyslipidemia.[@CIT0009] In addition, MCC deletion indicates changes in glycolysis, TCA cycle, OXPHOS, gluconeogenesis, β-oxidation and branched chain fatty acid metabolism.[@CIT0010] Previously, colleagues in our institute first identified that MCCC2 was highly expressed in PCa with lymph node metastasis by DIGE-based proteomic analysis.[@CIT0011] Another study showed that the expression of MCCC2 may be related to the progression from androgen-dependent to androgen-independent PCa.[@CIT0012] A recent study revealed that MCCC2 associated with unfavorable clinical features and predicts poor prognosis in breast cancer.[@CIT0013] However, the specific role of MCCC2 and the underlying mechanisms in the development and progression of PCa still remains unclear.

In this study, we aimed to investigate the biological effects of MCCC2 on tumor behavior in PCa, such as cell proliferation, migration, invasion and apoptosis. Further, we explored the potential mechanisms whereby MCCC2 affects cancer aggressiveness. We also determined the immunohistostaining of MCCC2 in PCa tissues and analyzed the association with clinical features.

Materials and Methods {#S0002}
=====================

Cell, siRNA, Plasmid and Transfection {#S0002-S2001}
-------------------------------------

Human prostate cancer cells 22Rv1, LNCaP, C4-2, DU145 and PC3 were all purchased from ATCC in the United States. Prostate cancer cells were cultured in RPMI1640 medium (GIBCO, USA) supplemented with 10% fetal bovine serum (GIBCO, USA). All cells in a humidified incubator at 37 °C with 5% CO2. SiRNA to MCCC2 (sense 5ʹ-GCCCAAGAUUUCUCUACAUUUTT-3ʹ and antisense 5ʹ-AAAUGUAGAGAAAUCUUGGGCTT-3ʹ) was purchased from Jidan Biotech (Guangzhou, China). MCCC2 expression vector pCDNA3.1 (+)-Flag-MCCC2 was purchased from OBiO Technology (Shanghai, China) Corp. Overexpression plasmids and siRNA were transfected with Lipofectamine 3000 (Invitrogen) according to the instruction. Transfection of siRNA in 22Rv1 cells at a final concentration of 50nM. The cells were collected for further investigation at 48 h after transfection.

RNA Isolation and qRT-PCR {#S0002-S2002}
-------------------------

Total RNA was extracted using Trizol reagent (Invitrogen Life Technologies, CA, USA) then were reverse transcribed into cDNA by PrimeScript^TM^ RT reagent kit (TAKARA, Japan). After mixing cDNA and TB GreenR^®^ Premix Ex Taq^TM^ and primers, qRT-PCR was performed on the 7500 Fast Real-Time PCR System (Applied Biosystem). Method 2^−ΔΔCT^ was used to calculate the relative difference of gene expression level. The following primer sequences are used: GAPDH forward 5ʹ-TCCTCTGACTTCAACAGCGACACC-3ʹ and reverse 5ʹ-TCTCTCTTCCTCTTGTGCTCTTGG-3ʹ, MCCC2 forward 5ʹ-TAGAATCGTGGATGGAAGCAG-3ʹ and reverse 5ʹ-TTTGAAGGAACAGCAGAGGAA-3ʹ, GLUD1 forward 5ʹ-GGGATTCTAACTACCACTTGCTCA-3ʹ and reverse 5ʹ-AACTCTGCCGTGGGTACAAT-3ʹ, GLUD2 forward 5ʹ-CACTCTGCCTTGGCATACAC-3ʹ and reverse 5ʹ-CTCAGGTCCAATCCCAGGTT-3ʹ.

Western Blot Analysis {#S0002-S2003}
---------------------

Cells were lysed by using RIPA buffer supplemented with 1% PMSF for preparing whole-cell extracts. Protein concentration was quantified with BCA reagent (KeyGen Biotech, Nanjing, China) and equal amounts of total proteins were separated on 10% SDS-PAGE and transferred to PVDF membranes (Millipore, USA). Then, the membranes were blotted with antibody against MCCC2 (ab197297, Abcam, 1:500), GLUD1 (ab168352, Abcam, 1:500), GLUD2 (39,038, SAB, 1:500) or p38 MAPK (9212, CST, 1:500). GAPDH (2118, CST, 1:1000) was used to normalize the protein level. Visualization was then carried out using their own secondary antibodies (Affinity Biosciences. OH. USA) and ECL reagents (Advansta, USA).

Cell Proliferation Assay {#S0002-S2004}
------------------------

22Rv1 cells transfected with siRNA and siNC, LNCaP cells transfected with pCDNA3.1(+)-Flag-MCCC2 and pCDNA3.1 (+)-Flag-NC. They were transferred to 96-well plates at 3000 cells per well. Detection was performed at 24, 48, 72 and 96h after transfection, and 10 μL of CCK-8 (Dojindo, Japan) were added and incubated at 37°C for 1 h, the absorbance at 450nm was determined by Automatic microplate reader (BioTek, USA).

Cell Migration and Invasion Assays {#S0002-S2005}
----------------------------------

Cells were transfected for 24 h and plated in the upper chamber of the transwell in 24-well plates (8.0 µm Transparent PET Membrane, Corning, NY, USA) at 1×10^5^ cells in 200μL of serum-free medium per chamber and for invasion there was Matrigel (BD Pharmingen) added into the upper chamber, 500 μL RPMI-1640 medium with 15% FBS were added into the lower chamber as a chemoattractant. After 48h, cells in the upper membrane were removed completely and 4% paraformaldehyde fixed for 15 minutes, then 1% crystal violet stained for 10 minutes, pictures were taken under the inverted microscope (NIKON, Japan).

Analysis of Apoptosis Rate {#S0002-S2006}
--------------------------

Cells were collected and suspended in Binding Buffer and stained with Propidium Iodide (10 μL/mL), Annexin V-FITC conjugate (10 μL/mL) (KeyGEN Biotech, Nanjing, China) for 15 min according to the product instructions, and then detected by flow cytometry.

Cell Cycle Analysis {#S0002-S2007}
-------------------

Cells were collected and suspended in PBS and fixed in 70% cold ethanol for 4 h at 4 °C and stained with Propidium Iodide and RNase A (KeyGen Biotech, Nanjing, China) in the dark for 30 min at room temperature according to the product instructions, and then detected by flow cytometry.

Mitochondrial Membrane Potential Analysis {#S0002-S2008}
-----------------------------------------

Cells were collected and suspended in JC-1 working solution (for every 1 mL JC-1 working solution there was 2 μL 500× JC-1, 900 μL sterilized deionized water and 100 μL 10× Incubation Buffer) and incubated in a humidified incubator at 37 °C with 5% CO2 for 15min. Then, the cells were washed twice with 1× Incubation Buffer. Finally, resuscitate cells with 1 × Incubation Buffer according to the product instructions of JC-1 Apoptosis Detection Kit (KeyGen Biotech, Nanjing, China), and then detected by flow cytometry.

Functional Enrichment Analysis {#S0002-S2009}
------------------------------

We searched the mRNA sequencing data of PCa patients in the TCGA database and analyzed the genes that positively correlated with MCCC2 mRNA expression (Spearman correlation analysis, correlation coefficient \<0.3 means low correlation, 0.3--0.6 means moderate correlation, \>0.6 means high correlation). KEGG enrichment analysis was carried out by DAVID ([<https://david.ncifcrf.gov/>]{.ul}), and the R language ggplot2 package was used to draw the bubble chart according to the results.

Immunohistochemistry (IHC) {#S0002-S2010}
--------------------------

The tissue was achieved from patients who underwent radical prostatectomy at the Third Affiliated Hospital of Sun Yat-sen University. The study involving human tissues was approved by the Ethics Committee of our Institutional. All patients signed informed consent forms and agreed to use the tissues which were surgically removed. The prostate tissue was embedded in paraffin, then paraffin was removed with xylene and hydrated with ethanol. And, 0.3% hydrogen peroxide (H~2~O~2~) and citrate buffer (pH6.0) were used to block the endogenous peroxidase and repair the antigen. Slides were incubated with primary antibodies against MCCC2 (ab197297, Abcam, 1:500) or GLUD1 (ab168352, Abcam, 1:500) overnight at 4 °C. All immunostaining scores were independently confirmed by two pathologists who were blinded with patients' clinical information. Three pictures were taken by each pathologist; therefore, each sample had 6 pictures taken. Then, 3 pictures were randomly selected in the final analysis. The staining intensity of cells was divided into negative, weak positive, moderate positive and strong positive, which were recorded as 0, 1, 2 and 3 points, respectively. The proportion of positive cells \<5%, ≥5% \~ \<25%, 25% \~ \<50%, ≥50% \~ \<75% and ≥75% were recorded as 0, 1, 2, 3 and 4 points, respectively. Total immunohistochemical score for each picture was calculated by multiplying the above two scores. The average immunohistochemical score was generated from scores of three pictures from each sample. The score \<8 was regarded as low expression, whereas ≥8 as high expression. Expression data of MCCC2 and GLUD1 were achieved in the cancer genome atlas ([<https://portal.gdc.cancer.gov/projects>]{.ul}).

Statistical Analysis {#S0002-S2011}
--------------------

Results were repeated independently in triplicates. Data are expressed by mean ± standard deviation. The statistical differences were analyzed by appropriate tests. Two-tailed *P*\<0.05 indicated statistical significance. All analyses were conducted with SPSS version 20.0 (SPSS Company, Chicago, Illinois, USA).

Results {#S0003}
=======

The Expression of MCCC2 in PCa Cell Lines {#S0003-S2001}
-----------------------------------------

We first analyzed the mRNA expression of MCCC2 in PCa cell lines by qRT-PCR and found that it was highly expressed in 22Rv1 cells and significantly decreased in C4-2, LNCaP ([Figure 1A](#F0001){ref-type="fig"}). Similar results in protein expression were confirmed by Western blot ([Figure 1B](#F0001){ref-type="fig"}). In order to further investigate the cancer-related biological effect of MCCC2 on PCa, 22Rv1 and LNCaP cells were selected as research models.Figure 1The expression of MCCC2 in PCa cell lines. (**A**) The relative mRNA expression of MCCC2 in human PCa cell lines 22Rv1, C4-2, LNCaP, DU145 and PC3, normalized by GAPDH. (**B**) The protein expression of MCCC2 in PCa cell lines.**Abbreviations:** GAPDH, glyceraldehyde-3-phosphate dehydrogenase; MCCC2, methylcrotonoyl-CoA carboxylase 2; PCa, prostate cancer.

High Expression of MCCC2 Promotes Proliferation, Migration and Invasion of Prostate Cancer Cells {#S0003-S2002}
------------------------------------------------------------------------------------------------

MCCC2-specific siRNA was transfected into 22Rv1 cells and recombinant plasmids that overexpressing Flag-MCCC2 was transfected into LNCaP cells. The efficiency of MCCC2-specific siRNA and overexpressing plasmids were confirmed by Western blot ([Figure 2A](#F0002){ref-type="fig"} and [B](#F0002){ref-type="fig"}). CCK-8 assays showed that cell proliferation of 22Rv1 cells was significantly inhibited when MCCC2 expression was suppressed by siRNA. Conversely, the proliferation of LNCaP cells was promoted after MCCC2 overexpression (*P*\<0.05, [Figure 2C](#F0002){ref-type="fig"} and [D](#F0002){ref-type="fig"}). For cell migration, the number of transmembrane 22Rv1 cells in siRNA group was significantly less than that in the control group (32.86±3.72 versus 20.14±3.34, *P*\<0.001), while the number of transmembrane LNCaP cells in the high expression group was significantly more than that in the control group (13.60±2.70 versus 31.80±4.50, *P*\<0.001). For invasion, the invasiveness of 22Rv1 cells decreased significantly after inhibiting the expression of MCCC2 (P \< 0.001). After overexpression of MCCC2, the invasiveness of LNCaP cells was significantly enhanced (Prun0.003) ([Figure 2E](#F0002){ref-type="fig"}--[H](#F0002){ref-type="fig"}). In general, MCCC2 can promote cell proliferation, migration and invasion of PCa cells.Figure 2MCCC2 promoted proliferation, migration and invasion of PCa cells. (**A, B**) The efficiency of MCCC2-specific siRNA (siRNA1, siRNA2 and siRNA3) and overexpressing (OV) plasmid were confirmed by Western blot, then the siRNA1 was selected for further experiment. (**C, D**) CCK-8 assays showed that inhibition of MCCC2 reduced the proliferation of 22Rv1 cells (**C**), while overexpression of MCCC2 promoted the proliferation of LNCaP cells (**D**). (**E, F**) Transwell assays showed that MCCC2 silencing reduced the migration and invasion of 22Rv1 cells. (**G, H**) Overexpression of MCCC2 promoted the migration and invasion of LNCaP cells. \*P\<0.05, \*\*P\<0.01 and \*\*\*P\<0.001. Error bars, 100μm.**Abbreviations:** GAPDH, glyceraldehyde-3-phosphate dehydrogenase; MCCC2, methylcrotonoyl-CoA carboxylase 2; NC, negative control; OV, MCCC2 overexpression; OD, optical density; siRNA, small interference RNA; siNC, scramble siRNA; siMCCC2, siRNA targeting MCCC2.

MCCC2 Inhibits Apoptosis, Promote Cell Division and Reduce Mitochondrial Damage {#S0003-S2003}
-------------------------------------------------------------------------------

We next explore the influence of MCCC2 on apoptosis, cell cycle and mitochondrial membrane potential of PCa cells. As shown in [Figure 3A](#F0003){ref-type="fig"}--D, annexin-V assays showed siRNA-induced inhibition of MCCC2 in 22Rv1 cells increased the apoptosis (*P*=0.0083), whereas ectopic overexpression of MCCC2 decreased apoptosis in LNCaP (*P*=0.003). For cell cycle, down-regulation of MCCC2 in 22Rv1 cells led to G0/G1 arrest (*P* = 0.035, [Figure 3E](#F0003){ref-type="fig"} and [F](#F0003){ref-type="fig"}). In contrast, up-regulation of MCCC2 in LNCaP cells resulted in the decrease of G0/G1 (*P*=0.016) phase arrest and the increase of S (*P*=0.035) phase cell percentage ([Figure 3G](#F0003){ref-type="fig"} and [H](#F0003){ref-type="fig"}). Since MCCC2 is located in mitochondria, and maintaining normal mitochondrial membrane potential is essential for cell survival. We used JC-1 Apoptosis Detection Kit to detect the changes in mitochondrial membrane potential. The results of JC-1 staining showed that down-regulation of MCCC2 in 22Rv1 cells induced mitochondrial damage (*P*\<0.001), while up-regulation of MCCC2 in LNCaP cells reduced mitochondrial damage (*P*=0.004, [Figure 3I](#F0003){ref-type="fig"}--[L](#F0003){ref-type="fig"}). In general, MCCC2 can inhibit PCa cells' apoptosis, promote cell division and reduce mitochondrial damage.Figure 3Effects of MCCC2 on apoptosis, cell cycle and mitochondrial membrane potential. (**A, B**) Annexin V-FITC showed that inhibition of MCCC2 increased the apoptosis of 22Rv1 cells. (**C, D**) Overexpression of MCCC2 reduced the apoptosis of LNCaP cells. (**E, F**) Down-regulation of MCCC2 in 22Rv1 cells led to G0/G1 phase arrest. (**G, H**) Up-regulation of MCCC2 in LNCaP cells resulted in the decrease of G0/G1 phase arrest and the increase of S phase cell percentage. (**I, J**) Inhibition of MCCC2 increased the mitochondrial damage rate of 22Rv1 cells. (**K, L**) Overexpression of MCCC2 reduced the mitochondrial damage of LNCaP cells. \*P\<0.05, \*\*P\<0.01 and \*\*\* P\<0.001.**Abbreviations:** MCCC2, methylcrotonoyl-CoA carboxylase 2; NC, negative control; OV, MCCC2 overexpression; siNC, scramble siRNA; siMCCC2, siRNA targeting MCCC2.

MCCC2 Led to PCa Progression via GLUD1-p38 MAPK Axis {#S0003-S2004}
----------------------------------------------------

We analyzed the sequencing data of 499 patients with PCa in TCGA database, and the results showed that a total of 84 genes were moderately associated with MCCC2 (Spearman correlation analysis, correlation coefficient \>0.3, *P*\<0.05). KEGG enrichment analysis showed that metabolic pathway is one of the related pathways (([Figure 4A](#F0004){ref-type="fig"}). The metabolic pathway enriches a total of 15 genes including MCCC2 ([Figure 4B](#F0004){ref-type="fig"}). Among the 15 genes, MCCC2, GLUD1 and GLUD2 are all located in mitochondria matrix. Further, we analyzed mRNA and protein expression of GLUD1 and GLUD2 in 22Rv1 cells and LNCaP cells upon manipulation of MCCC2 expression. There was no significant relationship between MCCC2 and GLUD1 or GLUD2 in the mRNA expression ([Figure 4C](#F0004){ref-type="fig"} and D). However, GLUD1 protein expression varied with MCCC2 while GLUD2 did not ([Figure 4E](#F0004){ref-type="fig"}). These results indicated that MCCC2 may regulate the expression of GLUD1 at the protein level rather than mRNA. Moreover, the expression of p38 MAPK was down-regulated in 22RV1 cells upon MCCC2 inhibition whereas it was up-regulated in LNCaP cells upon overexpression of MCCC2 ([Figure 4E](#F0004){ref-type="fig"}). Based on these results, MCCC2 may promote the PCa progression via GLUD1-p38 MAPK axis.Figure 4MCCC2 positively regulated GLUD1-p38 MAPK axis. (**A**) KEGG enrichment analysis identified the pathways that MCCC2-associated genes enriched in. (**B**) A total of 15 genes, including GLUD1, were enriched in the metabolic pathway. (**C**) Changes of mRNA expression of GLUD1 and GLUD2 in 22Rv1 cells after siRNA-mediated inhibition of MCCC2. (**D**) Changes of mRNA expression of GLUD1 and GLUD2 in LNCaP cells after overexpression of MCCC2. (**E**) Changes of protein expression of GLUD1, GLUD2 and p38 MAPK after manipulation of MCCC2 in 22Rv1 (left panel) and LNCaP (right panel) cells. \*\*\*P\<0.001.**Abbreviations:** ACLY, ATP citrate lyase; ACACA, acetyl-CoA carboxylase alpha; ALDH1A3, aldehyde dehydrogenase 1 family member A3; AADAT, aminoadipate aminotransferase; GLUD1, glutamate dehydrogenase 1; GLUD2, glutamate dehydrogenase 2; GALNT11, polypeptide N-acetylgalactosaminyltransferase 11; GALNT7, polypeptide N-acetylgalactosaminyltransferase 7; GNE, glucosamine (UDP-N-acetyl)-2-epimerase/N-acetylmannosamine kinase; INPP4B, inositol polyphosphate-4-phosphatase type II B; MBOAT2, membrane bound O-acyltransferase domain containing 2; MCCC2, Methylcrotonoyl-CoA carboxylase 2; NC, negative control; OV, MCCC2 overexpression; PAPSS1, 3ʹ-phosphoadenosine 5ʹ-phosphosulfate synthase 1; PLA2G12A, phospholipase A2 group XIIA; PRPS1, phosphoribosyl pyrophosphate synthetase 1; siNC, scramble siRNA; siMCCC2, siRNA targeting MCCC2; SMS, spermine synthase.

Relationship Between MCCC2 and GLUD1 Expression in PCa Tissue {#S0003-S2005}
-------------------------------------------------------------

The expression of MCCC2 and GLUD1 was detected by immunohistochemistry in 68 patients with PCa. [Table 1](#T0001){ref-type="table"} summarizes the basic clinical features of these 68 patients. The expression of MCCC2 was not related to age of onset (*P*=0.594), preoperative prostate-specific antigen (PSA) (*P*=0.454), tumor stage (*P*=0.969) and seminal vesicle invasion (*P*=0.523). Interestingly, increased expression of MCCC2 in the PCa tissues was associated with higher Gleason score (*P*\<0.001) and lymph node metastasis (*P* = 0.001319, [Table 1](#T0001){ref-type="table"}), which are important measurements of aggressiveness. The results also showed that there was a positive correlation between MCCC2 and GLUD1, with the correlation coefficient of 0.435 (*P*\<0.001, [Figure 5A](#F0005){ref-type="fig"}--I and [Table 1](#T0001){ref-type="table"}). We also analyzed the expression data of MCCC2 and GLUD1 in 499 cancer and 52 normal samples. TCGA data validated MCCC2 was increased in PCa compared to normal samples, with the fold change of 2.39, *P*\<0.001, [Figure 5J](#F0005){ref-type="fig"}). Coexpression analysis showed a positive correlation of MCCC2 and GLUD1 expression in PCa, with correlation coefficient of 0.444 (*P* \<0.001, [Figure 5K](#F0005){ref-type="fig"}). This provided clinical evidence that MCCC2 positively regulated GLUD1 thus promoting PCa progression.Table 1Clinicopathological Characteristics and MCCC2 Expression of 68 Prostate Cancer PatientsVariablesTotal CasesMCCC2P valueLowHighAll cases683830GLUD1 Low392910\<0.001 High29920Age (years) \<694124170.594 ≥69271413PSA \<103320130.454 ≥10351817Tumor stage T12413110.969 T218117 T3261412Gleason score ≤722193\<0.001 \>7561927Seminal vesicle invasion No3722150.523 Yes311615Lymph node metastasis No3316170.001 Yes352213[^2] Figure 5Relationship between MCCC2 and GLUD1 expression in PCa tissue. (**A**--**D**) The expression of GLUD1 was higher in PCa tissues with higher Gleason scores. (**E**--**H**) The expression of MCCC2 was higher in the PCa tissues with higher Gleason scores. (**A, C, E** and **G**) Were representative images of 100×. (**B, D, F** and **H)** Were representative images of 400×. (**I**) MCCC2 expression was positively correlated with GLUD1 in immunohistochemical score, with the correlation coefficient of 0.435 (P \< 0.001). (**J**) TCGA data of 499 cancer and 52 normal samples showed MCCC2 was increased in PCa, with fold change of 2.39 (P\<0.001). (**K**) Coexpression analysis of TCGA data showed positive correlation of MCCC2 and GLUD1 expression in PCa (r=0.444, P\<0.001).**Abbreviations:** GLUD, glutamate dehydrogenase; GS, Gleason scores; MCCC2, methylcrotonoyl-CoA carboxylase 2; PCa, prostate cancer; TCGA, The Cancer Genome Atlas.

Discussion {#S0004}
==========

In our present study, we demonstrated that MCCC2 promoted cell proliferation, migration and invasion but inhibited apoptosis in PCa cells. In addition, MCCC2 overexpression associated with unfavorable clinical features such as lymph node metastasis and high Gleason scores. We performed KEGG enrichment analysis and found that MCCC2 was mainly related to metabolic pathway in PCa. What is more, we demonstrated that MCCC2 positively correlated with GLUD1 protein expression in PCa tissues and regulated GLUD1-p38 MAPK axis in PCa cells. Our results suggest that MCCC2 may promote the progression and metastasis of prostate cancer via regulating GLUD1-p38 MAPK axis.

Cancer cells require constant energy supply to keep rapid growth and division. Glucose is the most abundant nutrient utilized by cancer cells. The vast majority of solid cancers accommodate altered energy requirement via increasing glucose uptake and glycolysis, which is called Warburg effect.[@CIT0014] Although aerobic glycolysis is inefficient in ATP production per unit of glucose compared to mitochondrial respiration, the rate of glucose metabolism is very high, such that the amount of ATP biosynthesized are comparable in either means. In the tumor microenvironment, tumor cells compete with stromal cells and the immune compartment for limited resources such as nutrients and oxygen, thus cells may gain advantages of aerobic glycolysis.[@CIT0015] However, PCa does not seem to get energy through Warburg effect, but relies heavily on amino acids and lipids to generate energy.[@CIT0016],[@CIT0017]

Human methylcrotonyl-CoA carboxylase (MCC) which is formed by subunits MCCCα and MCCCβ encoded by MCCC1 and MCCC2 is a biotin-dependent mitochondrial enzyme that participates in the fourth step of leucine metabolism.[@CIT0018],[@CIT0019] Leucine is validated as a crucial activator of mammalian target of rapamycin complex 1 (mTORC1) by triggering the Rag Guanosine triphosphate (GTP) binding proteins which in turn stimulates mTORC1 translocation to the lysosome surface where it is activated. Aberrant activation of mTORC1 signaling is common in many cancers, and consequently, it promotes cancer progression through transactivating pathways that support cell proliferation, survival and invasiveness.[@CIT0020] L-type amino acid transporters (LAT) mediate the entry of leucine into cancer cells and promote mTORC1 activity, reinforces MYC and EZH2 signaling.[@CIT0021] Elegant studies revealed that LAT1 and LAT3 expression were highly associated with cell cycle progression, E2F transcription factors and high-grade metastatic and hormone-resistant PCa.[@CIT0022],[@CIT0023] Inhibiting leucine transporters could lead to significant cell growth inhibition in PCa cells as well as tumor growth and metastasis in xenografts, suggesting anti-leucine transporter therapy could be employed as an important option against PCa.[@CIT0023],[@CIT0024] Our study found high expression of MCCC2 in highly proliferative PCa cell line 22RV1 whereas low expression in low-speed proliferative cell line LNCaP, the difference in MCCC2 expression reflects energy supply which is important for cancer cell proliferation. We also confirmed MCCC2 associated with unfavorable clinical features and promoted aggressiveness of PCa cells in vitro, adding evidence that MCCC2 may modulate leucine metabolism to exhibit an oncogenic role in PCa.

Glutamine is another essential nutrient for energy production, as it provides not only carbon for biosynthesis but also nitrogen for anabolic reactions.[@CIT0025] Glutamate dehydrogenase 1 (GLUD1), as a key mitochondrial enzyme in glutaminolysis, is transactivated by the direct binding of leucine and makes glutamine-derived carbon enter the tricarboxylic acid (TCA) cycle by converting glutamate to α-ketoglutarate (α-KG).[@CIT0026],[@CIT0027] GLUD1 is commonly elevated in human cancers enabling the cancer cells to produce ATP and synthesize amino biomacromolecules (amino acids, nucleotides and lipids, etc) for rapid growth and proliferation.[@CIT0028] It has been reported that GLUD1 is overexpressed in childhood acute myeloid leukemia, glioma, colorectal or lung cancer,[@CIT0029]--[@CIT0031] while GLUD1 expression differs in molecular subtypes of breast cancer.[@CIT0032] Mechanistically, GLUD1 plays a predominant role in controlling intracellular levels of α-KG and consequently fumarate, which activates glutathione peroxidase 1 (GPx) to increase reactive oxygen species (ROS), regulating redox homeostasis to promote cancer cell proliferation and tumor growth.[@CIT0030] Anoikis is a programmed cell death resulting from loss of cell and extracellular membrane, which is a known physiological barrier for cancer metastasis.[@CIT0033],[@CIT0034] GLUD1 activates CamKK2-AMPK1 signaling to contribute to bioenergetics that confers anoikis resistance, making cancer cells survive during dissemination and metastatic colonization in distant organs.[@CIT0034] In the cancer cells, GLUD1 also has a role in the activation of mTORC1, which can be stimulated by leucine.[@CIT0032] Interestingly, GLUD1 catalyzes reductive amination to maximize nitrogen utilization via metabolic recycling of ammonia, thus accelerating cell proliferation and supporting tumor biomass of breast cancer.[@CIT0035] In PCa, GLUD1 expression is positively correlated with Gleason score and significantly associated with shorter survival.[@CIT0036] Gleason score is a commonly used scoring system to evaluate the aggressiveness of PCa. Consistently, our results showed MCCC2 expression positively correlated with GLUD1. The qRT-PCR results show that MCCC2 cannot affect the mRNA level of GLUD1, but Western blot confirmed MCCC2 up-regulated protein expression of GLUD1. This may suggest that MCCC2 positively regulates GLUD1 in the post-translational modification stage.

It is well known that p38 MAPK participates in the proliferation and cycle of many kinds of tumor cells. Although most studies of p38 MAPK show that it is mainly anti-proliferation in cancer, this effect is the opposite in prostate cancer. For example, in an in vitro study of PCa, it has been reported that TBL-12 can inhibit the proliferation, migration and invasion of PCa cells due to its down-regulation of MMP-2/MMP-9 by inhibiting p38 MAPK signaling.[@CIT0037] In addition, COPS3 gene knockout inhibits the progression of PCa by reducing the expression of phosphorylated p38 MAPK.[@CIT0038] A study of LNCaP cells showed that apoptosis and proliferation inhibition induced by exposure to high concentrations of leptin were associated with reduced p38 MAPK expression.[@CIT0039] Nontoxic EEAC can reduce the expression of GLUD1 in hepatoma cells, and it can inhibit the migration of hepatoma cells by the down-regulation of MAPK.[@CIT0040] These studies remind us that p38 may be a link in which GLUD1 changes the behavior of prostate cancer cells. We further confirm this conjecture that MCCC2 may regulate the progression and metastasis of prostate cancer through the GLUD1-p38 MAPK axis.

Little is known about MCCC2 function in cancers, here we uncovered a new underlying mechanism that MCCC2 promoted GLUD1 expression and subsequent activation of p38 MAPK signaling, which shed insights into the understanding of MCCC2 function in PCa. In terms of therapeutic implication, inhibiting GLUD1 achieved tumor-suppressing effect in many kinds of cancer cells,[@CIT0030] thus targeting MCCC2 may be a treatment strategy in PCa.

This study also has some limitations. Although statistic differences were confirmed, the number of PCa patients whose cancerous tissues were used to determine MCCC2 and GLUD1 immunostaining is relatively small. In addition, the predictive values were not evaluated due to the limited data of follow-up. Thirdly, the tumor-promoting role of MCCC2 needs further verification in the animal models.

Conclusion {#S0005}
==========

MCCC2 can promote cell proliferation, migration, invasion and survival via regulating GLUD1-p38 MAPK axis, suggesting MCCC2 exerts oncogenic function and may be a potential treatment target in PCa.
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